Objective: In risk stratification of aortic diseases such as aneurysm and aortic dissection, diameter is one parameter whose influence on the average aortic wall stress is directly described by the Laplace law. More advanced mechanical models can be used and may yield additional information, such as transmural stress distributions. The question then arises of how refined models need to be to provide clinicians with practical help. Methods: Two sets of finite element models were used. The relative roles of diameter, material stiffness, longitudinal stretch, blood pressure, wall thickness, and vessel curvature were explored using simplified aortic models for comparison with the Laplace law. The influences of the material properties nonlinearity and residual stress on the transmural stress distribution were investigated using an advanced aortic model including recent experimental findings in older humans. Results: The Laplace law was confirmed as one effective, basic tool to assess the average wall stress in the aortic wall, both in the circumferential and longitudinal directions. However, the simplified models were sufficient to show that, as already reported in the literature, longitudinal stretch and vessel curvature have potentially equally strong or even stronger contributions to wall stress than the parameters included in the Laplace law. When the advanced model was used, and residual stress induced by large opening angles such as found in older subjects was introduced, the transmural stress gradient was found inverted compared with expectations, with the largest stresses now toward the adventitia. The results suggested that the intima may be increasingly shielded from higher stresses as one gets older, which might be protective against the initiation of dissection tears in the thoracic aorta. Conclusion: Biomechanical analysis of the aorta may be refined by using increasingly detailed computational models. Simplified models can readily improve on the Laplace law in the assessment of aortic wall stress, and as such, may already contribute to better risk stratification of aortic disease. Advanced models may also enhance our understanding of the mechanistic aspects in the pathogenesis of aortic disease. However, their applicability in a patient-specific context may be limited by the large number of input data they require, some of which might stay out of the clinicians' reach. ( J Vasc Surg 2010;52:1572-9.) Clinical Relevance: Practical interest in the transmural aortic stress gradient is twofold: on the one hand, pinpointing the highest stress location (eg, whether intimal or adventitial), may help to understand where dissection tears (due to high longitudinal stresses) or aneurysm ruptures (due to high circumferential stresses) are most likely to initiate in the aortic wall. On the other hand, an even transmural stress distribution is arguably a beneficial environment for smooth muscle cells in the aortic wall, as pathologic disruptions in stress loading on cells may bring about growth, remodeling, or apoptosis and, in fine, localized changes to the mechanical behavior of the aortic wall. Therefore, the more is known about transmural stress distributions, the better for clinicians, and finite element modeling can help.
Diameter and diameter progression rate are the main criteria for surgical decision making during follow-up of aortic dilatation. 1 Still, a recent study showed that a large number of patients with acute type A aortic dissection present with aortic diameters Ͻ5.5 cm and thus do not fall within current guidelines for elective ascending aortic replacement. 2 A similar issue also exists for abdominal aortic aneurysms (AAAs) and endovascular or standard open repair. 3 Diameter, in risk stratification of aortic disease, is one parameter whose meaning is directly anchored in the laws of physics: the aortic wall ruptures when the mechanical stress placed on it exceeds its strength. While rupture can stem from an increase in stress and/or a decrease in strength, it is the mechanical stress in the aortic wall that clinicians can evaluate, using the Laplace law, ie, the circumferential (respectively longitudinal) stress in a circular vessel is equal to the blood pressure times the vessel radius divided by (respectively twice) the vessel wall thickness.
tions of circumferential and longitudinal stresses. As a result, it works best with thin-walled vessels and may not be accurate with thicker walls such as the aortic wall. The law also does not take into account other potentially important parameters of the vessel wall, such as elasticity, curvature, or residual stress. The latter can be briefly introduced as follows: when an unpressurized blood vessel segment is radially cut, it typically opens up, 5, 6 and one can measure the opening angle (Fig 1) . In mechanical terms, the radial cut allows for a release of circumferential stress or, from another perspective, the unpressurized uncut segment is under residual circumferential stress, ie, stress that exists before any external load is applied. Residual stresses brought about by moderate opening angles such as found in the arteries of lab animals or younger human subjects have been shown to reduce the transmural stress gradient 6, 7 ( Fig 1, a) compared with the case without residual stress (Fig 1, b) . This stress equalization has been interpreted as significant and beneficial in the tissue's mechanosensory feedback for the embedded smooth muscle cells to achieve homeostasis. [6] [7] [8] By contrast, new findings in older males 9 suggest that opening angles may be so large that the vessel curls backward upon release of the residual stress, which warrants further investigation. More broadly, due to the potential roles of wall elasticity, vessel curvature, or residual stress, it stands to reason that patient-specific analysis of the biomechanics of the aorta, as permitted by advanced computer models, may improve the assessment of the mechanical stresses present in the aortic wall compared to the Laplace law. If so, how much modeling refinement is desirable? The aim of the present work is to illustrate what information increasingly detailed mechanical models can Qualitative illustration of the influence of the opening angle ⌰ 0 (first row) on the circumferential residual stress when the aorta is unpressurized (second row), and on the transmural distribution of circumferential stress when the aorta is pressurized (third row). According to the common understanding, residual stress is expected to reduce the transmural stress gradient, as in the case of positive ⌰ 0 (first column), compared to the case without residual stress (second column). When the opening angle is negative (third column), the radially cut aorta curls backward, leaving the intima on the outside of the C shape. In such a case, the computations described in the article show that the highest stresses are reached toward the outer radius, which will be discussed herein.
provide and to evaluate their usefulness and limitations toward better risk stratification of aortic disease.
METHODS
The relative roles of diameter, material stiffness, longitudinal stretch, blood pressure, wall thickness, and vessel curvature were illustrated using one set of simplified finite element models. On the other hand, the role of residual stress on the transmural stress distribution was investigated using recently published experimental data and an advanced finite element model. 9 Finite element analysis is a computational method widely used in engineering and whose details are beyond the scope of this article. Typically, the structure of interest is first discretized (meshed) into elements with specific material properties and then loaded under set boundary conditions. The equilibrium equations for each element are then solved yielding displacements, strains, and stresses for the whole structure.
Simplified models for all parameters but nonlinearity and residual stress. A finite element model of a straight 60-mm-long cylinder was created using commercial software ANSYS 11.0 (ANSYS Inc, Canonsburg, Pa). The control model dimensions were those of an average pressurized proximal thoracic aorta in 40-60-year-old subjects as measured by helical computed tomography, ie, 12.5-mm inner radius 10 and 1.25-mm wall thickness, following the average 1/10 thickness-to-radius ratio observed in vivo. 11 The material properties, for simplicity, were considered isotropic and linear, such that deformations were assumed small and stresses linearly related to strains through the elastic (or Young's) modulus. A physiologic value of 3 MPa for the elastic modulus, consistent with data for normal aortic tissue in the age group considered 12 and a Poisson's ratio of 0.49 to account for the nearincompressibility of the tissue, were set. A pressure of 100 mm Hg (13.3 kPa) acted on the inner (intimal) surface of the vessel. One end of the model was fixed in all directions, and the other was free to dilate and submitted to a longitudinal force equivalent to the pressure acting on a rigid cap. These conditions will be referred to as closed-end, free extension conditions. Eight-noded (type: solid 45) brick elements were used to discretize the geometry, with six elements across the thickness, and 40 along the vessel length and circumference (Fig 2, a) . These numbers were set after a mesh sensitivity analysis showed that using smaller elements did not result in increased accuracy.
Aside from the control model, seven other models were built to evaluate the individual contribution of: (1) doubling the radius, (2) doubling the wall stiffness, (3, 4) increasing the longitudinal stretch, (5) the blood pressure, (6) decreasing the wall thickness, and (7) bending the vessel to a curvature similar to that found in the aortic arch, ie, about 40 mm (Fig 3, a) . The models' parameters are summarized in Table I .
Advanced model to study nonlinearity and residual stress. While linear models are interesting for their simplicity, a more detailed description of the stress and strain states in the vascular wall may require nonlinear, anisotropic material properties, as well as residual stress, to be taken into account. Unlike linear models, where the unloaded and in vivo geometries are assumed almost identical, nonlinear models may incur large deformations and necessitate the independent determination of the unpressurized aortic geometry, which practically calls for ex vivo measurements. The model geometric and material parameters considered (see Table II ) were those established from measurements in fresh cadaveric aortas excised from eight male sexagenarians and tested by pressurization from 0 to 160 mm Hg. 9 The transmural stress distribution under a pressure of 100 mm Hg was determined in the ascending, thoracic, and abdominal regions. To exclude or include residual stress, two initial vessel configurations were considered: no opening angle in case of no residual stress (Fig 1, b and Fig 4, a) and a backward curl in case of a negative opening angle as found in 9 and listed in Table II (Fig 1, c and Fig 5, a) . Residual stresses were introduced by first closing the vessel (Fig 5, b) and then pressurizing it under closed-end, free extension conditions, as in the case without residual stress (Fig 4) . The nonlinear material properties were assumed homogeneous, hyperelastic, and transversely isotropic, ie, with the circumferential direction behaving one way (eg, stiffer), and the longitudinal and radial directions behaving another (eg, softer). Hyperelastic material models require the definition of a strain energy function to determine the mechanical stresses arising from deformations. Herein, Guccione's strain energy function was considered:
where C 1 , . . . , C 4 are the material constants, E . . . are the deformations (Green strain components modified to only include the effects of volumetric work), the subscripts , z, r referring to the circumferential, longitudinal, and radial directions, respectively, P is a Lagrange multiplier numerically enforcing the material near-incompressibility whereby J, the determinant of the deformation gradient tensor, is almost equal to 1. Values of P are usually set in the region of 10 4 -10 5 times C 1 . 13 Note that the pressurization models do not incur important shear strains within the aortic wall. Therefore, material constant C 4 was not found to have any measurable impact on the solutions. The models were analyzed using commercial finite element software LSDyna 971 (LSTC, Livermore, Calif).
In all models, the outcomes of interest were the values for circumferential and longitudinal stresses at the inner and outer radii of the vessel, away from the areas where Change/(C) - fixed boundary conditions were applied because they introduced end effects.
RESULTS
Simplified models for all parameters but nonlinearity and residual stress. Stress results for the control model and model 7 with a vessel curvature of 40 mm (Table I) are presented in Fig 2, b, c and Fig 3 b, c . End effects show in the form of stress concentrations at the bottom of the models, where the vessel wall was fixed in all directions. Away from the bottom, one can notice that the values of stress at the inner and outer radii are different. In Fig 3, b, it is also apparent that circumferential stress is higher on the inner side of the curvature. Table I Table I illustrate that an increase in radius, a blood pressure raise, a decrease in wall thickness, and the presence of curvature all increase circumferential stress. Similarly, an increase in radius, longitudinal stretch or blood pressure, a decrease in wall thickness, and the presence of curvature all increase longitudinal stress. Of relevance to mural stress distribution, the stresses at the inner radius were consistently larger than those at the outer radius, especially for circumferential stress, by up to 13%.
Advanced model to study nonlinearity and residual stress. Fig 4 shows the results obtained for the ascending aortic model without residual stress. As in the simplified models, both circumferential and longitudinal stresses were larger at the inner radius than at the outer radius. This finding is reflected in Table III , which lists the results for stress under 100 mm Hg pressure at both radial locations for the ascending, thoracic, and abdominal aortic regions. Taking the tissue nonlinearity into account led to stresses in the circumferential direction larger by 134% to 360% at the inner radius than at the outer radius. Similarly, stresses in the longitudinal direction were larger by 64% to 227% at the inner radius than at the outer radius. Fig 5 shows the results for the same model when residual stresses were introduced by first closing the negative opening angle. This resulted in an unpressurized geometry, which was under residual stress (Fig 5, b) as expected. However, by contrast with Fig 4, b and c , both the circumferential and longitudinal stresses were larger at the outer radius than at the inner radius (Fig 5, c and d) . Of note is the fact that the inversion of transmural stress distribution was not a mild one: the stress gradients were larger with residual stress than without. This can be seen in Table III , where stresses in the circumferential direction are larger by 286% to 647% at the outer radius than at the inner radius, and stresses in the longitudinal direction are larger by 161% to 641% at the outer radius than at the inner radius.
DISCUSSION
For a closed-end, 12.5-mm-radius straight cylinder of 1.25-mm wall thickness under 100 mm Hg pressure (dimensions of control model in Table I and of the thoracic aortic segment in Table II , pressurized to 100 mm Hg), the Laplace law predicts stresses of 133 and 66.5 kPa in the circumferential and longitudinal directions, respectively. A linear finite element analysis just confirmed these results (Table I) . Moreover, in agreement with the Laplace law, vessel radius, diameter, and wall thickness were individually found to control the value of stress in the aortic wall. Also in agreement with the Laplace law was the fact that using an elastic modulus of 6 MPa instead of 3 MPa did not affect the aortic stress levels. Indeed, the law conveys the balance between internal and external forces and, as such, is independent from the material properties. Consequently, aortic wall elasticity (or compliance, or its inverse, stiffness) does not directly translate into a level of risk of rupture through mechanical stress. However, stiffer tissues may have their wall strength compromised 14 and clinicians know that brittle tissues are prone to tearing.
On the other hand, the simplified, linear finite element models illustrated the contribution of yet other parameters: longitudinal stretch and vessel curvature were found to have equally strong or potentially even stronger contributions to the aortic wall stress compared with the parameters addressed by the Laplace law. Indeed, aortic root motion, which subjects the aortic wall to a longitudinal stretch, 15 and differences in aortic arch curvature 16 have already been identified as potential mechanistic factors in the pathogenesis of proximal aortic dissection. Such parameters may be assessed using current medical imaging techniques, and their impact on the aortic wall stress evaluated using simple finite element models, which could complement the Laplace law in a first-pass analysis.
The advanced models used to study the effects of nonlinearity and residual stress provided similar information and more. In the thoracic aortic segment (corresponding to the dimensions considered in the simplified models), the circumferential stress ranged between 90 and 280 kPa without residual stress (between 44 and 327 kPa with residual stress), which was compatible with the 133 kPa stress predicted by the Laplace law with a constant transmural stress distribution. Similar observations hold for the longitudinal direction. In other words, if one were just after the average stress values in the aortic wall, the Laplace law may be good enough. However, a more complex picture emerges if one considers all the computational findings. As long as residual stress was not taken into account, circumferential and longitudinal stresses were always highest at the inner (intimal) radius. This was true whether linear or nonlinear models were used. However, by comparing the results for the inner and outer radii locations between Tables I and III, it appears that the linear models underestimate the transmural stress gradients. Practical interest in the transmural stress gradients is twofold: on the one hand, pinpointing the highest stress location (eg, whether intimal or adventitial), may help to understand where dissection tears (due to high longitudinal stresses) or aneurysm ruptures (due to high circumferential stresses) are most likely to initiate in the aortic wall. On the other hand, an even transmural stress distribution is arguably a beneficial environment for smooth muscle cells in the aortic wall, as pathologic disruptions in stress loading on cells may bring about growth, remodeling, or apoptosis and, in fine, localized changes to the mechanical behavior of the aortic wall. 17 Therefore, the more is known about transmural stress distributions, the better for clinicians, and advanced modeling can help.
In this context, the results presented in Fig 1, c, Fig 5 , and Table III are striking: with the opening angle values determined in the older subjects studied in, 9 the expected transmural stress gradient was found to be inverted, with the highest stress values now in the adventitia. Different researchers have established that the opening angle starts positive when young and gradually increases to a point of backward curl with aging 18 and that it is higher when visible atheroma is present. 19 While the underlying mechanisms of residual stress development have not been fully elucidated yet, 20 heterogeneous transmural proteoglycan distribution, 21 nonuniform growth, 22 or heterogeneity in tissue material properties 23 may play contributing roles. Regardless, in terms of vascular mechanics, the noted evolution of the opening angle would suggest that the intima would be increasingly shielded from higher stresses as one gets older, while the adventitia would carry more and more of the load resulting from blood pressure or dilatation. Protecting the thoracic aorta intima from high stress might guard against the initiation of dissection tears in older patients. On the other hand, given that the adventitia is reinforced by collagen fibers known to protect the aorta from overstretch and rupture, it would seem unlikely that the transfer of high stress to the adventitia might lead to aneurysm development or dissection propagation. However, these interpretations await further clinical evidence.
It is also worth mentioning that in the advanced model, stress increases are relatively larger than blood pressure increases. Namely, between two hypertensive patients, one with well-controlled mean blood pressure, say 80 mm Hg, and one with poorly controlled mean blood pressure, say 110 mm Hg, the 38% increase in blood pressure comes with a 45% (respectively 40%) increase in both circumferential and longitudinal stresses at the outer (respectively inner) radius, in the case with residual stress, for the thoracic aorta.
More refined analyses than shown herein, looking at the specific mechanical properties of the intimal, medial, and adventitial layers, and the residual stress associated with each layer, 24, 25 are possible, provided that such data can be obtained or assumed for each patient. The models can also include the pulsatility of blood pressure based on flowinduced loading, which may affect the location of maximum stress. 26 Similarly, the influence of friction of blood against the aortic wall (wall shear stress) can be assessed. Although wall shear stress is two orders of magnitude smaller 27 than the stress values reported within the aortic wall, it has been shown to affect the endothelial cells that line the intima and has been associated with atherosclerotic plaque localization. 28 Clearly, while refined models provide a lot of information, they also require a large number of input data that are not yet well established (eg, material constants) or easily accessible to clinicians (eg, unpressurized aortic radius, opening angle, longitudinal stretch away from the ascending aorta) at a patient-specific level. Interestingly, preliminary observations combining functional imaging by positron emission tomography and finite element analyses point to a potential link between high wall stress values and accelerated metabolic activity in the aortic wall. 29 Therefore, functional imaging might help to assess the aortic wall stress levels in the future. In the meantime, cross-pollination between clinical studies and vascular mechanics investigations should continue to prove fruitful and lead to increasingly better risk stratification of aortic disease 30 than what is currently done on the basis of the Laplace law. 
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